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CONDUCTIVITY CHANGE DURING THE REPLACEMENT OF Na+ IONS BY Age IONS IN POLYCRYSTALLINE BETA" ALUMINA

- fHanfred BREITER and Martha MALY-SCHREIBER* and fruce DUNN**

The longitudal conductivity was determined bye[four-probe technique during the replacement of Na(
ions by Aj!1ions from the inside of a closed-en4 tube. Similary, the radial conductivity was mea-
sured durin" exchange starting from the outsidq. The conductivity-time curves display a minimum
with a conductivity value below that of the Ag P" alumina. The results also show that the change
in conductivity with ion exchange time is steeper than that predicted by various models. The
effects likely to produce additional resistances are presented._

1. INTRODUCTION The result is that we are able to gain insight

The ion exchange properties of B and B" alumi- concerning the contributions of mixed alkali
1,.2

nas have been rather well Investigated1 . Most effects and interdiffusion processes on the ion

of these studies involve single crystal materials exchange behaviour of polycrystalline beta"
where the sodium content has been completely re- alumina.

placed by another mobile ion. The properties of

. partially exchanged B and V" compositions have 2. EXPERIMENTAL

oeen studied to a much lesser extent. One of the Cylinders (2.5 cm in length and about 1 cm in

lore interesting features of these materials is diameter) were cut from polycrystalline tubes of

* the presence of a mixed alkali effect3'5 . That beta" alumina supplied by Ceramatec Inc. An

is, when two mobile ions are present, intermedi- alpha alumina cap was glass sealed to one end of

ate compositions possess a lower conductivity the cylinder, thus producing a small cell with

(and higher activation energy for conduction) one open end. Photographs of such cells were

than either of the pure compositions. The effect already shown in Figure 1 of reference 7. By

has been reported for B and B" aluminates and sealing the cylinder prior to ion exchange, dis-

* gallates4'5. coloration effects are avoided.

* The studies involving partially exchanged ma- Two types of ion exchange experiments were

terials generally utilize equilibrated samples performed. In the first type, four narrow rings

which do not possess composition gradients. As of silver paint were initially brushed onto the

a result, very little information is generated outside surface of the beta" alumina cylinder.

concerning the nature of the ion exchange pro- The distance between these rings was approxima-

cess. A previous study by Brelter and Farring- tely 0.5 cm. Four loops of thin silver wire

ton6 indicated that the kinetics of Ag+ exchange were attached to the silver painted regions.

in B alumina were significantly affected by the The wires contacted the silver paint and were

- presence of grain boundaries. The present tightly held in place by two segments of an

paper extends this work to polycrystalline B" alpha alumina tube. Conductivity was measured

alumina. In this case we use transport measure- by a four probe technique, using the silver

* ments to monitor the ion exchange process. wire loops as electrodes. This particular con-

* Institut fUr Technische Elektrochemie, TU Wien, A-1060 Wien, Getreldemarkt 9. Austria.

i 2 Department of Materials Science and Engineering, University of California, Los Angeles, CA90024, USA.!
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figuration evaluates the longitudinal conduc- was in the ion exchange bath. Once again the
tivity of the polycrystalline beta' alumina (i.e. impedance was essentially ohmic over a wide

along the major axis of the cylinder). A more frequency range and the impedance at 1000 Hz
detailed discussion of the measurement method were used in Figure 1.

was presented previously B. The impedance at Gravimetric methods were employed to obtain
*1000 Hz was essentially ohmic and the data shown a quantitative measure of the rate of ion ex-

*in Figure 1 were obtained at this frequency. change. For these experiments, the interior
* The ion exchange and conductivity measurements of a separate witness cell was filled with miol-

*were made in a small furnace which was heated by ten AgNO3 and allowed to exchange. After a

*a DC current in order to reduce the noise level. given period of time, the molten salt was re-
The inside of the furnace was continuously flushed moved by pipette and the cell taken from the

*by a steady stream of nitrogen. Ag* exchange was furnace. It was repeatedly washed (distilled

accomplished by adding approximately 1.5 ml of water and conc. HNO3) and then dried for sever-

molten AgNO 3 to the interior of the cell using al hours at 2000C. The extent of ion exchange

a small pipette. This process constituted was obtained from the following relation
"inside" exchange and was periodically interrup- n =36.51 ( - 1) M1
ted for the (longitudinal) conductivity measure- ex Wi

*ments. The nominal temperature for the ion ex-

* change and conductivity experiments was 2950C.whr WIste eitof he aml at iet
It was necessary to remove the molten AgNO WinIsteitalwgh of he amean

prior to the conductivity measurement because of nex rersnsteaon fN 2O i egt
*co-conduction through the molten salt. After the replaced by Ag20- Both W and Win were correc-

* measurement, a fresh volume of AgNO3 was addedte fo th adionlwgtprvedb te
and ne peiodof onvesio comened. Thecap and glass seal. The extent of ion exchange
aas a funtio ofio tim waserio determined onlhfo

*total ion exchange time was determined by sum-asafnto of imwsde riednlfr

miing the individual conversion periods, the "inside" exchange configuration. However,

*The second type of experiment involved ion considering the dimensions of the sample, it

*exchange from the outside surface. The cell was may be expected that ion exchange from the out

- placed in a bath of molten AgNO3 at 2950C andsiewudla to imar eut.

care was taken to prevent the salt from reaching

the inside surface. In this case a radial re- 3. RESULTS

sistance measurement was employed. The interior Figure 1 compares the conductivity values fa

*of the beta" alumina cylinder was covered by the two types of exchange as a function of ion
* siverpait ad cntat ws mde y atigtlyexchange time. Curve 3 reflects the data for.

fitting spiral of thick (-1I mm diameter) silver ecag rmteisd ufc ielni

*wire. The resistance was measured between a tudinal conductivity) while curve 4 gives radi.

large cylinder of silver foil in the molten salt cnutvt eut o o xhnefo h
* an th intrio siler ire. Theelecrolticoutside surface. Curves I and 2 were derived

resistance between the foil cylinder and thefrmtein xcag molsdcued nth

* outer surface of the 5" alumina tube was negli-netsci.Th orgaldafrcuv 3
gible compared to that of the solid electrolyte. wr orce o eprtr lcutoso

* ~There were no co-conduction paths and the trans- 10%wihaoefmrmvlofte otn
Port measurements were made while the sample AgNO 3 prior to measurement. These corrections,



hiich amounted to less than 5 % were made by ten AgNO. The behaviour of the 6" alumina is
using the activation energy for conduction to comparable to that previously observed for
obtain values at 2950C. 5 alumina, with the exception that ion exchange

is considerably more rapid in 5" alumina. It
is important to note that in the prior work witt

1 B alumina, grain boundaries were found to be
MD instrumental in the ion exchange process,

17.5 exerting a retarding effect on the ion exchange

2-S

Codctvt as a funto of exhag tim in

polycrystallin V luina t25C

foEqain3FIGURE 2Conductiviynsd eannctiongiuia ofn exchanged timeu innen (w.%safnto
poucysaivi of alumin atid exhag9uin gNCa.95CCurve 1: ongsitdinalxcnfgraiondcivity 3

Bo atured fro Equtio 2 displa quliaivl
Cuirv 2:eradialr coniguatonutvt dcaculae h xeietlrslsso w neetn

Crve3:e instide exane, ongituina con fecangred soiuh contnt futhe di scauntion
passthog ammu oductivity. hstedfeettasotpoete o h n

Ciurv 4: outier exhangew adia cndctiit ofs tr-ie: nuside exchanged usngagrial at short.

alal Bothcvs 3 an 5 dipa qfe hiiualitaivey 4.dctvt DImSinimmanemdaecmoi

simlaxbhavi 1 our) the conductivity decreases then experimenta resu ltshow wo havereston

fromle iniia vg "alueona. Blhog aluina an3etrswihbrat ute icsin1
an pasehithg aisminimum cofrndutvty Thionss tee dfeenttanprtpopriedorte.n

* miimumis rthershalow ad muh les pr- sie adoutside exchanged smaters atrv short
d nurne tha nitel typesusal h onduforvmies oxhnetmsnd()teeitneo
pakal y effects de Athereater minmuin valecodtitymnumaiteeiteops-

(excang- 1 hors),theconuctvityinceass tonsucofitNatan Agh. Althoug ehae reason-l
slolygiIon excanighae imenm prahs.h beqaiatv nesadigo h hs
vale fore Agpndnc o" lmn.thoug curvxanes 3effet occur rhigorhaou modes have nth ye

and~~i 4odctvt exhibiten distinctl difeen repose bendeeopd

* process is shown in Figure 2. The data were ob- ficodtvtymauentehdsndotr
tained from inside exchange experiments, and the any ion exchange anomalies. Radial conductivi-

time represents the cumulative time during which tiswrobandnthouieexagehe
* th inerir ofthecel ~sfilld wth ol-as longitudinal conductivities were determilned

th neiro h el a ildwt o



for the inside exchange.. At the short exchange the radius of the wave front and the inner radi-

times, each sample can be expected to consist of us.

three distinct regions: an exchanged region which Curves (1) and (2) reflect Equations (2) and

is predominantly Ag* , an unexchanged region which (4), respectively. Although both curves dis-

is predominantly Na+ , and a mixed composition playthe proper trends (both conductivities

region. For the radial measurements, these three decrease with time, radial being much steeper

regions are connected in series. Since than longitudinal), neither curve constitutes

a Ag B,< aNa+B" the exchanged part contributes a good fit to the data (see Figure 1). It is

rather substantially to the total resistance, also significant to note that neither of the

even at short exchange periods. In contrast, models are able to show the conductivity mini-

these three regions are connected in parallel mum observed in the experimental results.

when longitudinal conductivity is measured. Although the simple models demonstrate quali-

Thus, the relative contribution of the exchanged tative agreement, it is apparent that two limi-

section is correspondingly less. A larger amount tations exist: the inability to predict either

of exchange is necessary before the longitudi- the short exchange time conductivity changes or

nal conductivity decreases to levels comparable the conductivity minimum. The latter is prob-

to the short time values for radial conductivi- ably an artifact of the mixed alkali effect.

ty. The difference between radial and longitu- The location of the minimum ( _ 75 % Ag+ exchange

dinal measurements was previously observed in is similar to that reported by Wasiucionek et

hydration studies of sodium B and B" alumina 8. al. 5 in that the minimum occurs with Ag-rich

We have attempted to model this behaviour by compositions and at comparable percentages.

using various mixing relationships. These mo- At 2950C it is not surprising that the observed

deling approaches are based on the assumption minimum is shallow. There is evidence that

that the exchange region moves as a constant above 200 0C the mixed alkali effect disappears

wave frontthrough the wall of the B" alumina for Na+-Ag+B" alumina5 . However, it is important

cylinder. Thus, there are either exchanged re- to note that the present investigation offers

gions (with conductivity GAg) or unexchanged re- far greater resolution of the conductivity

gions (with conductivity oNa). The resulting values with much data coming from a region (i.e.

equations for longitudinal conductivity (inside at the minimum) which was not fully explored

exchange) are: in the prior work.

The second important consideration is that

o =Ag x+ (Na (1 -c ) (2) the present experiments Involve a non-euqili-

with brium distribution of the two cations. At this
= nex/8.85 (3) time it is not precisely clear how this non-

where nex is defined by Equation (1) and 8.85 equilibrium distribution might result in a

represents the initial Na20 content of the sample. conductivity decrease beyond th't which is

In this case the two sections are electrically expected from the models. However, previous

in parallel. For radial conductivity (outside work by Yao and Kummer I does offer significant

exchange) the two sections are in series and insights. These investigators found that the

I 1 ro +  L In - 4) interdiffusion coefficient for alkali and silver

aNa r r r cations in B alumina was less than that of the

Here ro, r and ri designate the outer radius, ion with the lowest self-diffusion coefficient.

.a
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That is, in Na*-Ag+B alumina, the interdiffusion REFERENCES

coefficient for Ag+ was much less than the self- 1. Y.F. Yao and J.T. Kummer, J. Inorg. Nucl.
diffusion coefficient of Ag*. If a similar effect Chem. 29 (1967) 2453.

occurs within the B" alumina structure, it would 2. J.L. Briant and G.C. Farrington, J. Solid

give rise to an additional resistance and bring State Chem. 33 (1980) 385.

the models into better agreement with the obser- 3. J.L. Briant and G.C. Farrington, J. Electro-
ved behaviour, particularly at the short exchange Chem. Soc. 128 (1981) 1830.

times. Current studies are directed at establi- 4. G.V. Chandrashekhar and L.M. Foster, Solid
shing this interdiffusion effect. State Comm. 27 (1978) 269.

5. M. Wasiucionek, J. Garbarczyk and W.
5. CONCLUSIONS Jakubowski, Solid State Ionics 14 (1984) 113.

We have used conductivity measurements to in- 6. M.W. Breiter and G.C. Farrington, Mat. Res.

vestigate the ion exchange behaviour of Na+-Ag* Bull. 13 (1978) 1213.
polycrystalline B" alumina. The inability of 7. M.W. Brelter and B. Dunn, Solid State

simple diffusion and mixing models to explain Ionics 9/10 (1983) 227.
the experimental results suggests that more com- 8. B. Dunn, 3. Am. Ceram. Soc. 64 (1981) 125.

plex phenomena are Involved. Two likely factors

are the mixed alkali effect and interdiffusion

processes, although a quantitative assessment

of these items has yet to be developed. In both

cases there is also the question of how grain . ..

b"-, oundaries influence these effects.
--The experimental work clearly indicates that " ,

the distribution of the ion exchanged species is .i

of central importance. As a result, a relative- .. -

ly small amount of ion exchange can exert a large

Influence on the conductivity. In radial measure- . ,

ments, the replacement of only 20 % NaLis able - '. 2 ,

to cause conductivity values representative of - ,. .r
Ag B" alumina. This behaviour is quite signi-

ficant for battery applications where cell resis-

tance is measured in the radial direction. The
exchange effect is not nearly as dramatic for

the longitudinal configuration. In this case
parallel resistance paths are available and

nearly 50 % exchane _s necessary before the
conductivity of AgB" alumina is attained..
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